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Heat stress decreases metabolic flexibility in skeletal muscle of growing pigs 
Abstract 
Heat-stressed pigs experience metabolic alterations, including altered insulin profiles, reduced lipid 
mobilization, and compromised intestinal integrity. This is bioenergetically distinct from thermal neutral 
pigs on a similar nutritional plane. To delineate differences in substrate preferences between direct and 
indirect (via reduced feed intake) heat stress effects, skeletal muscle fuel metabolism was assessed. 
Pigs (35.3 ± 0.8 kg) were randomly assigned to three treatments: thermal neutral fed ad libitum (TN, 21°C, 
n=8), heat stress fed ad libitum (HS, 35°C, n=8), and TN, pair-fed to HS intake (PF, n=8) for 7 days. Body 
temperature (TB) and feed intake (FI) were recorded daily. Longissimus dorsi muscle was biopsied for 
metabolic assays on days -2, 3, and 7 relative to initiation of environmental treatments. Heat stress 
increased TB and decreased FI (P < 0.05). Heat stress inhibited incomplete fatty acid oxidation (P < 0.05) 
and did not alter glucose oxidation. Metabolic flexibility decreased in HS pigs compared to TN and PF 
controls (P < 0.05). Both phosphofructokinase and pyruvate dehydrogenase (PDH) activities increased in 
PF (P < 0.05), however, TN and HS did not differ. Heat stress inhibited citrate synthase and beta 
hydroxyacyl-CoA dehydrogenase (βHAD) activities (P < 0.05). Heat stress did not alter PDH 
phosphorylation or carnitine palmitoyltransferase 1 abundance, but reduced acetyl-CoA carboxylase 
1(ACC1) protein abundance (P < 0.05). In conclusion, HS decreased skeletal muscle fatty acid oxidation 
and metabolic flexibility, likely involving βHAD and ACC regulation. 
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Abstract: Heat-stressed pigs experience metabolic alterations, including altered insulin 25 
profiles, reduced lipid mobilization, and compromised intestinal integrity. This is 26 
bioenergetically distinct from thermal neutral pigs on a similar nutritional plane. To 27 
delineate differences in substrate preferences between direct and indirect (via reduced 28 
feed intake) heat stress effects, skeletal muscle fuel metabolism was assessed. Pigs (35.3 29 
± 0.8 kg) were randomly assigned to three treatments: thermal neutral fed ad libitum (TN, 30 
21°C, n=8), heat stress fed ad libitum (HS, 35°C, n=8), and TN, pair-fed to HS intake 31 
(PF, n=8) for 7 days. Body temperature (TB) and feed intake (FI) were recorded daily. 32 
Longissimus dorsi muscle was biopsied for metabolic assays on days -2, 3, and 7 relative 33 
to initiation of environmental treatments. Heat stress increased TB and decreased FI (P < 34 
0.05). Heat stress inhibited incomplete fatty acid oxidation (P < 0.05) and did not alter 35 
glucose oxidation. Metabolic flexibility decreased in HS pigs compared to TN and PF 36 
controls (P < 0.05). Both phosphofructokinase and pyruvate dehydrogenase (PDH) 37 
activities increased in PF (P < 0.05), however, TN and HS did not differ. Heat stress 38 
inhibited citrate synthase and beta hydroxyacyl-CoA dehydrogenase (βHAD) activities (P 39 
< 0.05). Heat stress did not alter PDH phosphorylation or carnitine palmitoyltransferase 1 40 
abundance, but reduced acetyl-CoA carboxylase 1(ACC1) protein abundance (P < 0.05). 41 
In conclusion, HS decreased skeletal muscle fatty acid oxidation and metabolic 42 
flexibility, likely involving βHAD and ACC regulation.  43 






   Heat-related disorders occur due to elevated environmental temperature exposure 49 
(classical heat stress) or as a result of exercise (exertional heat stress) (51). Dysregulated 50 
body temperature disturbs biological systems causing effects ranging from reduced 51 
performance to heat illnesses (6). Despite extensive research in the area of heat stress, 52 
relatively little is known on the metabolic and biochemical changes that occur during heat 53 
exposure.  In particular, it is unclear why certain populations are less tolerant to heat than 54 
others.  Diabetics for example, have a higher risk of suffering from heat-related illness 55 
than non-diabetics, and death rates among diabetics increases significantly during the 56 
summer months (10, 45). A metabolic characteristic of animals under reduced plane of 57 
nutrition is decreased blood insulin and/or systemic insulin sensitivity (4). However, 58 
heat-stressed animals, despite voluntarily reducing feed intake, paradoxically have 59 
increased basal insulin as well as stimulated insulin responses (5, 50). Although such 60 
whole body metabolic adaptions to a heat load have been recently studied, investigating 61 
the effects of heat stress on fuel utilization particularly in skeletal muscle, the largest and 62 
one of the most metabolically-active tissues, is still limited.   63 
Heat stress alters performance by variety of mechanisms. For reasons not yet 64 
clarified or explained, circulating non-esterified fatty acid (NEFA) concentrations are 65 
reduced during heat stress, even in the presence of elevated stress hormones (epinephrine, 66 
glucagon and cortisol), well-known potent lipolytic agents (12, 50). Heat stress, 67 
especially that caused by exercise in the heat, is suggested to cause a shift towards 68 
carbohydrate utilization at the expense of fatty acids, although not necessarily due to 69 
increased skeletal muscle glucose uptake (13, 15, 21, 23).  Muscle lactate accumulation 70 
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has been reported in humans and dogs during exercise in the heat, indicating an increase 71 
in the conversion of pyruvate to lactate perhaps in lieu of complete glucose oxidation (14, 72 
23, 32, 52). The pyruvate dehydrogenase (PDH) complex plays a central role in 73 
alternatively controlling the fate of carbohydrate versus fatty acid oxidation by regulating 74 
entry of glycolytic products into the tricarboxylic acid cycle in mammalian cells (28) but 75 
the effect of heat on the regulation of this complex and substrate flexibility remains 76 
unclear.   77 
Energy metabolism and substrate utilization are highly coordinated inter-organ 78 
processes with preferred fuel(s) differing between tissues. Due to the large contribution 79 
of skeletal muscle to body mass, substrate metabolism within skeletal muscle represents a 80 
significant component of whole body energy homeostasis (26). In order to delineate 81 
between the direct and indirect (via changes in feed intake) effects of heat stress on 82 
skeletal muscle metabolism, fuel substrate metabolism was assessed during heat stress or 83 
reduced feed intake conditions. We hypothesized that heat stress may change the muscle 84 
capacity to use glucose or lipids and the flexibility to switch between their use. 85 
MATERIALS AND METHODS 86 
Animals and experimental design 87 
All pigs were handled in accordance with procedures approved by the Virginia 88 
Tech Animal Care and Use Committee. Twenty-four crossbred (Landrace x Large White) 89 
barrows with average initial body weight of 35.3 ± 0.8 kg were allowed to acclimate to 90 
the experimental housing for 3 days. Pigs were randomly assigned into three groups: 91 
thermal neutral fed ad libitum (TN, 21°C), heat stress fed ad libitum (HS, 35°C), and 92 
pair-fed to HS intake (PF, 21°C) for 7 days. The mean initial BW of TN, HS and PF were 93 
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34.5 kg, 36.0 kg and 35.2 kg respectively. Pigs were housed individually. All pigs were 94 
fed soybean and corn based meal formulated to meet or exceed NRC requirement. Pigs 95 
were fed twice a day at 8:00 am and 18:00 pm. Pigs had free access to water throughout 96 
the experiment. Feed intake was recorded daily starting from 3 days before the 97 
thermal challenge. The average feed intake of 3 days before thermal challenge was 98 
calculated as a baseline. The percentage of feed intake decrease in the HS pigs was 99 
calculated by (daily feed intake after thermal challenge - base line)*100/base line-1. 100 
The amount of feed given to PF controls was calculated based on the percentage 101 
decrease in the HS pigs. Body weight was recorded on days -2 (two days before thermal 102 
challenge), 3 and 7. Longissimus dorsi muscle was biopsied on days -2, 3, and 7 after 103 
isoflurane anesthesia. Pigs were fasted at midnight before the biopsy. Approximately 75 104 
mg of muscle was used immediately for metabolic measurements. The rest of muscle was 105 
snap frozen in liquid nitrogen and stored at -80 °C until analysis.  106 
Surgery and plasma parameters  107 
After 3 days of acclimation, under general anesthesia using sterile techniques, 108 
pigs were surgically fitted with indwelling catheters in the carotid artery and jugular vein 109 
as described previously (9). Pigs were also fitted with iButton sensor in the 110 
intraperitoneal cavity for body temperature measurement. Briefly, iButton sensor was tied 111 
with about 30 cm non-absorbable polyamide suture and affix with epoxy glue, allow to 112 
completely dry for 24 h. A 5 cm incision approximately 6 cm to the left of the linea alba 113 
on the abdomen skin of the pig was made. The abdominal muscles were cut with a blunt 114 
scissor until puncture the peritoneum. iButton sensor was sterilized with ethanol and 115 
rinsed with sterile water, then was placed into the intraperitoneal cavity. iButton sensor 116 
 6 
was attached to the peritoneum and abdominal muscle wall with suture, then the 117 
peritoneal puncture, muscle layer and the incision were closed with suture.  Temperature 118 
loggers (ibutton thermochrons, Maxim, Dallas, TX) were used to record body 119 
temperature every one hour. The average of 24 h temperature was calculated as daily 120 
body temperature. 121 
Pigs were allowed to recover for 3 days postsurgery prior to the initiation of 122 
treatments. On biopsy days, blood samples were collected in lithium heparin tubes via 123 
catheters immediately after the biopsy. The blood samples were centrifuged at 1,500 g at 124 
4 ºC for 25 min. Blood plasma were collected after centrifugation and stored at -80 ºC for 125 
future analyses. Insulin concentrations were measured using porcine insulin ELISA kit 126 
(Mercodia, Sweden; the intra-assay CV is 3.5%, the inter-assay CV is 4.3%). Other blood 127 
parameters were measured at Virginia-Maryland Regional College of Veterinary 128 
Medicine using Beckman-Coulter AU-480 with ISE Chemistry System. 129 
Skeletal Muscle Biopsy 130 
Pigs were fasted for 8 hrs prior to the biopsy and placed under general anesthesia 131 
using isoflurane. The location of the first biopsy was taken approximately at the first 132 
lumbar vertebra. The location was determined by following the curvature of the last rib of 133 
the animal to where it meets the vertebral column and then moved ~2 cm towards the 134 
posterior of the animal and ~2 cm lateral from midline of the animal to collect the biopsy. 135 
For subsequent biopsies, the location moved in a straight-line ~3 cm towards the 136 
posterior of the animal from the previous biopsy site. Skeletal muscle biopsy sites were 137 
shaved and aseptically cleaned with betadine and 70% isopropanol. An incision 138 
approximately 5 cm in length was made in the skin. A 10-gauge x 9 cm long Vacora™ 139 
 7 
Bard Biopsy Instrument was inserted through the incision at a 45 degree angle to the 140 
orientation of the Longissimus lumborum muscle fibers to collect the biopsy.  Following 141 
tissue sample collection, incision sites were sutured (Ethicon, MWI Veterinary Supply 142 
Co., Glendale, AZ), cleaned with 70% isopropanol and disinfected with an aerosol 143 
bandage (Allushield, Valley Vet, Maryville, KS). The first biopsy (approximately 75 mg) 144 
of muscle was used immediately for metabolic measurements of substrate oxidation and 145 
metabolic flexibility. The remainder of the muscle biopsy was snap frozen in liquid 146 
nitrogen and stored at -80 °C until analysis. 147 
Substrate oxidation and metabolic flexibility 148 
Palmitate ([1-14C]-palmitic acid), glucose ([U-14C]-glucose), and pyruvate ([1-149 
14C]-pyruvate) oxidation were performed as previously described (17, 47). Skeletal 150 
muscle samples used to assess substrate metabolism and metabolic flexibility were 151 
immediately placed in SET buffer (0.25 M Sucrose, 1 mM EDTA, 0.01 M Tris-HCl and 152 
2 mM ATP) and stored on ice until homogenization (~25 min). Each skeletal muscle 153 
sample was minced with scissors, transferred to a glass homogenization tube and 154 
homogenized on ice using a Teflon pestle (12 passes at 150 RPM). The sample rested on 155 
ice for ~30 sec and the homogenization steps were repeated. The homogenate was 156 
transferred to an Eppendorf tube and fresh sample was used to measure substrate 157 
oxidation and metabolic flexibility. Palmitate oxidation was assessed by measuring and 158 
summing 14CO2 production and 14C-labeled acid-soluble metabolites from the oxidation 159 
of [1-14C]palmitic acid. Glucose oxidation was assessed by measuring 14CO2 production 160 
from the oxidation of [U-14C]glucose and pyruvate oxidation was assessed by  161 
measuring 14CO2 production from the oxidation of [1-14C]-pyruvate. Gaseous 14CO2 was 162 
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trapped in benzethonium hydroxide for 60 min, and placed in a scintillation vial 163 
containing and counted. 14C-acid soluble metabolites were measured by transfer aqueous 164 
phase after lipid extraction of incubated muscle into a scintillation vial and counted.  165 
Metabolic flexibility was assessed by comparing [1-14C]-pyruvate oxidation with and 166 
without 100 uM palmitic acid. The degree to which pyruvate oxidation decreased in the 167 
presence of FFA was used as an index of metabolic flexibility. A greater reduction 168 
(percent decrease) in pyruvate oxidation in the presence of palmitate is indicative of 169 
appropriate substrate switching and thus metabolic flexibility (47). 170 
Enzyme activity 171 
Muscle samples were homogenized using a homogenizing buffer containing 0.175 172 
mM KCl and 2.0 mM EDTA (pH =7.4).  Citrate synthase and beta hydroxyacyl-CoA 173 
dehydrogenase (β-HAD) activities were determined spectrophotometrically as previously 174 
described (25). 175 
Analysis of mRNA abundance 176 
Analysis of gene expression was performed as described previously (43).  Briefly, 177 
total RNA was isolated from ~50 mg of tissue using Trizol reagent (5 prime, 178 
Gaithersburg, MD) and purified using the QIAGEN RNeasy Mini Kit (QIAGEN, 179 
Germantown, Maryland) with on-column DNase digestion to remove genomic DNA 180 
contamination.  Quantity and quality of RNA was assessed by absorbance at 260 nm and 181 
verified using the Experion System (Bio-Rad Laboratories, Inc. Hercules, CA).  Total 182 
RNA (1000 ng) was reverse-transcribed using iScript reverse transcriptase (Bio-Rad, 183 
Hercules, CA).  Real-time SYBR green PCR assays were performed with porcine-184 
specific primers  (Table 1) including CPT-1, ACC1, ACC2 and βHAD, related to fatty 185 
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acid metabolism. PCR reactions were performed in a 20 µl volume using SsoAdvanced 186 
universal SYBR® Green Supermix (Bio-Rad Laboratories, Inc., Hercules, California).  187 
Reactions contained 1 µl primer set and diluted cDNA (10 ng).  PCR quantification of 188 
each sample was performed in triplicate and SYBER Green fluorescence was quantified 189 
with the CFX96 Touch Real Time PCR Detection System (Bio-Rad Laboratories, Inc.).  190 
For each assay 40 PCR cycles were run and a dissociation curve was included to verify 191 
the amplification of a single PCR product.  Amplicons were sequenced to verify primer 192 
specificity. Analyses of amplification plots were performed with the CFX Manager 193 
Software version (Bio-Rad Laboratories, Inc.).  Data were analyzed using a five-point 194 
standard curve generated using serial ten-fold dilutions of TOPO-TA plasmid 195 
(Invitrogen) inserted with target genes.  Each assay plate contained negative controls and 196 
a standard curve to determine amplification efficiency of the respective primer pair.  197 
Unknown sample expression was then determined from the standard curve, and 198 
normalized for 18S expression. 199 
Western Immunoblot Analysis  200 
Total cellular protein extracts were prepared as described previously (16). Briefly, 201 
50 mg of muscle biopsy was homogenized in lysis buffer (10 mM Tris-HCl, 1 mM 202 
EGTA, 150 mM NaCl, and 1% Triton X-100) containing 1 × protease and phosphatase 203 
inhibitor cocktail (Thermo-scientific) using tissue lyser (Thermo-scientific). The whole 204 
tissue lysates were centrifuged at 13,000 g for 15 min at 4 °C and supernatant collected. 205 
Protein content of extracts was measured with the bicinchoninic acid (BCA) protein assay 206 
(Pierce, Rockford, IL). Fixed protein amounts were electrophoresed using 10% SDS 207 
PAGE for CPT-1, ACC1, and α-tubulin and 6% SDS PAGE for ACC2 (ACC2 was 208 
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separated from ACC1 and detected by total ACC antibody), then transferred 209 
electrophoretically onto nitrocellulose membranes (Bio-Rad). The membranes were 210 
blocked and incubated with primary antibodies validated for porcine extract in 211 
competition experiments with the blocking peptide for each antibody. Membranes were 212 
immunoblotted with primary antibodies against α-tubulin (1:1,000; Cell Signaling), CPT1 213 
(1:1000; Bioscience), ACC1 (1:1000; cell signaling), phospho-ACC (1:2000, cell 214 
signaling) and total ACC (1:1000; cell signaling) followed by anti-rabbit secondary 215 
antibodies (1:20,000; Licor). Signals were detected and quantified by densitometry using 216 
Licor Odyssey imaging system. 217 
Statistical analysis 218 
Data were analyzed by SAS (Cary, NC). The BW, daily FI, ADG, body 219 
temperature and respiratory rate were analyzed using the PROC MIXED procedure. The 220 
remainder of the data were analyzed using the PROC MIXED procedure with repeated 221 
measurement and using day -2 data as a covariate. Pig was included in the model as a 222 
random variable. The model included treatment (TN, HS, and PF), day (3, 7), and the 223 
treatment by day interaction. Data are reported as least square means ± SE and are 224 
considered significant if P < 0.05.  225 
RESULTS 226 
To confirm that the heat load protocol caused heat stress in the pigs, physiological 227 
and metabolic indices were measured. Pigs exposed to HS had higher body temperature 228 
(P < 0.01) compared with thermal neutral and pair-fed pigs throughout the experiment 229 
(Figure 1A).  Pair-fed pigs had a lower body temperature from day 3 of the experiment 230 
compared with TN and HS pigs (P < 0.05), and this difference of body temperature was 231 
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maintained until the end of the experiment. The average daily feed intake (ADFI) in TN 232 
pigs was 1.5 kg. Feed intake was decreased immediately in HS pigs at day 1 and 233 
remained depressed throughout the experiment, as ADFI was 0.99 kg (Figure 1B, P < 234 
0.01). Pair-fed controls consumed a similar amount of feed (ADFI: 0.98 kg) as the HS 235 
pigs. The respiration rate was significantly increased in HS pigs through day 1 to day 7 236 
(Figure 1C, P < 0.01). At the end of the experiment, TN pigs had increased body weight 237 
(41.5 kg) compared with PF (37.8 kg) and HS (37.1 kg) pigs (Figure 1D, P < 0.05). 238 
Average daily gain was decreased by more than 70% in PF and HS pigs throughout the 239 
experiment (Figure 1E, P < 0.01).  240 
Plasma glucose, insulin and protein values are presented in Table 2. Compared 241 
with day 7, all the groups tended to have higher blood glucose on day 3 (P = 0.09).  Total 242 
proteins, albumin and globulin were not affected by any of the treatments. Aspartate 243 
aminotransferase (AST) increased by 54% in the HS pigs compared with PF pigs, and the 244 
AST level in TN pigs did not differ from either HS or PF pigs (P < 0.05). γ-245 
Glutamyltransferase (GGT) was higher in PF pigs compared to TN and HS pigs (Table 2, 246 
P < 0.01) but did not differ between TN and HS pigs. 247 
Next, we sought to determine the effect of heat stress and reduced plane of 248 
nutrition on the ability of skeletal muscle to metabolize different fuel substrates. The 249 
complete fatty acid oxidation measured as CO2 production was decreased in HS pigs 250 
(Figure 2A, P < 0.01). The incomplete fatty acid oxidation measured as acid soluble 251 
metabolites (ASM) was also lower in HS pigs (Figure 2B, P < 0.01).  There was a 252 
treatment difference in total fatty acid oxidation (Figure 2C, P < 0.01) as it was higher in 253 
pair-fed pig compared with HS pigs (PF vs HS P = 0.01), and tended to be higher than 254 
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TN pigs (PF vs TN P = 0.1). There were no environmental differences in fatty acid 255 
oxidation efficiency (CO2/ASM, Figure 2D).  Glucose oxidation was decreased by HS 256 
(Figure 2E, P < 0.05). The metabolic flexibility was increased from day 3 to day 7 of the 257 
experiment (P < 0.01). Heat stress inhibited metabolic flexibility by ~40 and 55% 258 
compared with TN and PF, respectively (Figure 2F, P < 0.05). 259 
There was an interaction between day and treatments in PFK activity (P < 0.05) 260 
as PFK activity was increased in PF pigs compared with TN pigs on day 7 (Figure 3A, P 261 
< 0.05), but PFK activity in HS pigs did not differ from either TN or PF pigs (Figure 3A). 262 
The overall PDH activity was increased on day 7 (Figure 3B, P < 0.01), and there was 263 
also a treatment difference (P < 0.05). The activity of PDH was increased in PF pigs 264 
compared with TN and HS pigs (P < 0.05), and no difference was detected between TN 265 
and HS pigs. Citrate synthase activity was decreased in HS pigs compared with TN 266 
controls (Figure 3C, P < 0.05), but PF pigs did not differ from TN or HS pigs. There was 267 
a day by treatments interaction in β-HAD activity (Figure 3D, P < 0.05). On day 7, β-268 
HAD activity was decreased in HS pigs compared with TN pigs (P < 0.05), and PF pigs 269 
did no differ from TN or HS pigs.  270 
Finally, we sought to examine the molecular basis for the apparent altered fuel 271 
substrate metabolism in heat-stressed skeletal muscle. Carnitine palmitoyltransferase-1 272 
mRNA expression was greater in PF pigs compared with TN or HS (Figure 4A, P < 273 
0.05). On day 3, CPT-1 mRNA tended to be decreased in HS pigs (P = 0.08). There was 274 
a day by treatments interaction in ACC1 mRNA expression as PF and HS pigs expressed 275 
less than 30% ACC1 of TN pigs (Figure 4B, P < 0.05). On day 3, there was a decrease in 276 
ACC2 mRNA abundance in HS pigs compared with TN (Figure 4C, P < 0.05). There 277 
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tended to be a day by treatment interaction in β-HAD mRNA expression as it was 278 
decreased in HS compared with TN pigs on day 3 and day 7 (Figure 4D, P = 0.08). There 279 
was no difference in CPT-1 protein abundance among the treatments (Figure 5A). Total 280 
ACC protein abundance in HS was decreased on day 3 and day 7 (~ 30%), although there 281 
was no statistical significance (Figure 5B). Consistent with mRNA data, there was a day 282 
by treatments interaction in ACC1 protein abundance (Figure 5C, P < 0.05). The 283 
abundance of ACC1 protein was significantly lower in HS and PF pigs on day 7 284 
compared with TN pigs. ACC2 protein abundance was unchanged (Figure 5D). There 285 
was a tendency in day by treatment interaction in phosphorylation of ACC protein 286 
abundance (Figure 5E, P = 0.07) 287 
DISCUSSION 288 
An immediate effect of HS is decreased feed intake and increased respiratory rate, 289 
which may minimize metabolic heat production and maximize heat dissipation, 290 
respectively. Studies have shown that nutrient restriction was not the only driver of 291 
altered metabolism during heat stress, as heat stress directly affects metabolism (11, 39, 292 
50). Therefore, we used TN ad libitum and PF (nutrient restricted) in TN condition as 293 
controls to elucidate the direct and indirect effects of HS on metabolism. Although the PF 294 
model is likely the best model to demonstrate that the effect of HS on metabolism is 295 
related/unrelated to plane of nutrition, it is important to note that the PF pigs may 296 
represent a different feeding pattern compared to the HS pigs. The PF pigs were given 297 
two meals a day however, the HS pigs may consume smaller meals on a different 298 
schedule each day (8). Thus, the results described herein are specific to the experimental 299 
protocol and feeding regimen described. Additional studies could investigate the effects 300 
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of feeding pattern during heat stress and reduced plane of nutrition on metabolic 301 
outcomes.  302 
In the current study, application of the heat load was sufficient to cause heat stress 303 
as the HS pigs displayed elevated body temperature and the respiratory rate throughout 304 
the experiment, which has been widely observed in both chronic and acute heat stress 305 
animals (20, 38, 48). Consistent with a previous study (39), PF pigs had lower body 306 
temperature after day 3 compared with TN, which presumably was caused by reduced 307 
thermic effect of feeding (the heat associated with digesting, absorbing and assimilating 308 
nutrients). It has been reported that the body temperature increases then declines over 309 
time of exposure to high ambient temperature, which indicates the acclimation to chronic 310 
heat stress (42). However, we did not observe such responses. Some variables in this 311 
study, such as the magnitude of heat stress, genetics of the pigs, etc., may be 312 
sufficiently different than other studies to prevent or delay an adaptation response.  313 
Several biochemical changes are associated with heat stress. An increase in the 314 
plasma AST was observed in HS pigs and this corroborates findings in poultry and 315 
humans (2, 31). AST is used as a clinical marker of liver function in heat stroke patients 316 
with an elevation consistent with liver injury (37). Our data indicate that heat stress may 317 
cause liver dysfunction in pigs.  318 
The decreased basal glucose concentration by heat stress was found in multiple 319 
animal models including rodents, dogs and sheep (1, 29, 36).  In this study we did not 320 
observe a significant difference in the fasting blood glucose concentration among 321 
treatments, which is consistent with our previous study (49). By day 7, HS pigs 322 
numerically increased plasma insulin concentration by 50% compared to PF pigs, but 323 
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there was no statistical significance. However, other studies reported HS increased 324 
secretion of insulin in pig, cattle and mice (30, 43, 49).   325 
Heat stress alters overall metabolic rate (3, 7, 22), although energy demands 326 
within individual body tissues will vary depending on the extent of damage sustained or 327 
the function of that tissue.  Skeletal muscle, by virtue of its contribution to body mass, 328 
can dramatically influence whole body metabolism by altering fuel substrate dynamics. 329 
Shifting metabolic flexibility within skeletal muscle and/or changing the metabolic 330 
products exported for use in inter-organ metabolic pathways underlie such influences.  331 
Indeed, evidence indicates that skeletal muscle fuel selection appears to favor 332 
carbohydrate use at the expense of lipid (12). Studies showed increased reliance on 333 
intramuscular carbohydrates during exercise in the heat (24, 27) whereas reducing heat 334 
during exercises decreased muscle carbohydrate oxidation (13, 14). In agreement, the 335 
current study demonstrated that glucose oxidation rate was reduced by heat stress. Sano 336 
et al. (44) found HS decreased glucose turnover rate but did not change the proportion of 337 
glucose oxidized in sheep in vivo. Taken together, further studies are needed to 338 
investigate altered glucose and insulin dynamics during HS. 339 
Feed restricted animals use free fatty acids (FFA) from adipose tissue to spare 340 
glucose for skeletal muscle deposition (50). In order to test if heat stress affects FFA 341 
utilization in muscle, we measured the fatty acid oxidation in the longissimus dorsi 342 
muscle and found that HS pigs had similar total fatty acid oxidation rate as TN pigs and a 343 
significantly lower fatty acid oxidation rate compared with PF pigs. Additionally, the 344 
incomplete fatty acid oxidation tended to be decreased in HS pigs. The FFA 345 
concentrations during HS and feed restriction conditions has been studied widely in both 346 
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swine and ruminants (7, 48, 49, 53). However, there is no study comparing the utilization 347 
of FFA in muscle among TN, HS and PF conditions. It has been reported that plasma 348 
fatty acid oxidation is primarily determined by the fatty acid concentration. Our fatty acid 349 
oxidation data is consistent with FFA concentration in TN, HS and PF pigs. Under 350 
similar nutrient conditions, PF pigs mobilize adipose tissue to a greater extent, as they 351 
had higher plasma FFA, while HS pigs had similar FFA concentration as TN pigs (39). 352 
Decreased FFA concentrations in hyperthermic conditions compared to the PF treatment 353 
was also shown in sheep and cattle (11, 44, 46). Additionally, in PF pigs (feed restricted), 354 
free fatty acids are the predominant fuel used by skeletal muscle (31). Therefore, PF pigs 355 
had higher total fatty acid oxidation than TN and HS pigs. These data also indicate that, 356 
despite the low plane of nutrition, fatty acid utilization was blunted by heat stress.   357 
Based on Randle cycle, there is competition between fatty acid oxidation and 358 
glucose oxidation (40). Artificially increasing fatty acid oxidation by adding FFA 359 
decreases glucose oxidation (30). In this study, metabolic flexibility was assessed by 360 
measuring pyruvate oxidation with and without the presence FFA, and the percentage 361 
decrease in pyruvate oxidation in the presence of FFA was calculated. Our current results 362 
show that heat stress decreased mitochondrial metabolic flexibility, further substantiating 363 
our findings that HS pigs had limited ability to use FFA. Pair-fed pigs, on a reduced plane 364 
of nutrition, had similar metabolic flexibility as the TN controls. Our present findings 365 
provide evidence that skeletal muscle in HS pigs may not use fatty acids as the primary 366 
fuel source. Therefore, previous reports indicate the mobilization of FFA from adipose 367 
tissue is inhibited during heat stress (discussed above) and the capacity to utilize fatty 368 
acids in skeletal muscle shown herein also appears to be attenuated. Consequences of 369 
 17 
heat stress include reduced feed intake and shunted blood flow away from the 370 
gastrointestinal tract (GIT) causing damage and compromised integrity of the GIT (33, 371 
38). The resulting “leaky gut” allows infiltration of endotoxin into the circulation to elicit 372 
effects on various tissues including liver and skeletal muscle. The ability of endotoxin to 373 
directly affect tissue responses is mediated by activation of the toll-like 4 receptor 374 
(TLR4)(18, 19). In skeletal muscle, Frisard et al. (17) demonstrated that activation of 375 
TLR4 leads to altered metabolism, including reduced metabolic flexibility and fatty acid 376 
oxidation, similar to our heat stress responses presented herein. Thus, the reduced 377 
capacity to rely on fatty acids as a fuel maybe the consequence of heat-induced gastro-378 
intestinal hyperpermeability.  379 
To further elucidate how HS changed metabolic flexibility, the activities of the 380 
key enzymes in glucose oxidation and fatty acid oxidation were measured. 381 
Phosphofructokinase, the rate-limiting enzyme in glycolysis, was increased in PF 382 
compared with TN pigs indicating increased glycolysis. Increased glycolysis may 383 
produce more pyruvate, which positively regulates PDH. As a result, PF pigs also had 384 
increased PDH activity. Glycolysis in HS pigs did not differ from TN or PF pigs. 385 
However, both citrate synthase activity and β-HAD activity were inhibited by heat stress 386 
suggesting decreased oxidative capacity. Citrate synthase activity, a biomarker of 387 
mitochondrial content, is also associated with morphological change in mitochondrial 388 
content (34, 41).  Our previous studies examining the acute effect of heat stress on 389 
skeletal muscle demonstrate altered inflammatory signaling, redox balance and 390 
dysfunctional autophagy, which may cause immediate and persistent skeletal muscle 391 
dysfunction (20,48). The aforementioned changes could directly impinge upon 392 
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mitochondrial function producing altered cellular metabolism during both acute and 393 
chronic heat stress. Hence, it is reasonable to suggest that heat stress may change 394 
metabolic flexibility via alteration of mitochondrial function, content or modifying 395 
mitochondrial morphology.  396 
We also measured CPT-1, the enzyme responsible for the transfer of long chain 397 
free fatty acids into the mitochondria, to test if decreased fatty acid oxidation by heat 398 
stress is due to decreased transportation. CPT-1 mRNA expression tended to decrease in 399 
heat- stressed pigs, however, protein abundance was similar between groups. Acetyl-CoA 400 
is the intermediate product in carbohydrate, amino acid and fatty acid metabolism. Fatty 401 
acid synthesis requires malonyl-CoA as the C2 donor, which is formed by acetyl-CoA 402 
catalyzed by ACC. Malonyl-CoA is not only the building block of long chain fatty acid, 403 
but is also a regulator of the carnitine palmitoyl-CoA shuttle system that is involved in 404 
fatty acid oxidation. Two isoforms of ACC with different functions have been detected: 405 
ACC1 and ACC2 (35). ACC1-generated malonyl-CoA is used by fatty acid synthesis, 406 
however, ACC2-generated malonyl-CoA is the inhibitor of CPT-1 (49). In the present 407 
study, although ACC2 mRNA expression was inhibited by heat stress on day 3, protein 408 
abundance was similar between groups. Taken together with CPT-1 data, heat stress may 409 
not inhibit fatty acid uptake in LD muscle. On the other hand, ACC1 decreased at both 410 
mRNA and protein levels in PF and HS pigs. We also measured the total phosphorylation 411 
of ACC. Phosphorylated ACC tended to be decreased in PF and HS pig, which suggests 412 
increased of fatty acid synthesis in LD muscle. Both PF and HS pigs had higher fatty acid 413 
synthesis while HS pigs also had lower fatty acid oxidation rate. These findings may 414 
partially explain adipose tissue accumulation during heat stress.  415 
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PERSPECTIVES AND SIGNIFICANCE 416 
In summary, pigs exposed to heat had higher body temperature, lower body 417 
weight and lower average daily gain compared with TN pigs as expected. Compared to 418 
PF pigs, the ability of skeletal muscle to oxidize fatty acids was markedly decreased 419 
during heat stress conditions. Concomitantly, heat stress conditions decreased metabolic 420 
flexibility and decreased oxidative enzyme activity. These results were caused by direct 421 
effect of HS on metabolism, independent of lower plane of nutrition (an indirect effect of 422 
HS). Together, these results indicate that heat stress alters the metabolic fuel priorities 423 
within skeletal muscle regardless of plane of nutrition. Future studies are needed to 424 
determine the impact of the altered metabolism on skeletal muscle performance during 425 
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Figure 1. Effects of heat stress on body temperature (A), feed intake (B), respiration rate 591 
(C), body weight (D), and average daily gain (E) in growing pigs. Pigs were exposed to 592 
thermal neutral (TN), pair-fed (PF) or heat stress (HS) conditions for 7 days. Body 593 
temperature and feed intake were measured daily. Body weights were measured on d0, d3 594 
and d7. Results are presented as mean with SE. N=8. Different letters indicate 595 
significance within day. Lower case: P < 0.05; upper case: P < 0.01. FI: feed intake; BW: 596 




Figure 2.  Effects of heat stress on fatty acid oxidation in the LD muscle of growing pigs. 601 
(A) complete fatty acid oxidation; (B) incomplete fatty acid oxidation; (C) total fatty acid 602 
oxidation; (D) oxidation efficiency; (E) glucose oxidation; (F) metabolic flexibility. Pigs 603 
were exposed to thermal neutral (TN), pair-fed (PF) or heat stress (HS) conditions for 7 604 
days. LD biopsies were taken before the experiment and on d3 and d7 heat stress. Results 605 
 24 




Figure 3. Effects of heat stress on enzyme activities in the LD muscle of growing pigs. 610 
(A) Phosphofructokinase activity; (B) Pyruvate dehydrogenase kinase activity; (C) 611 
Citrate synthase activity; (D) beta-Hydroxyacyl-CoA dehydrogenase activity. Pigs were 612 
exposed to thermal neutral (TN), pair-fed (PF) or heat stress (HS) conditions for 7 days. 613 
LD biopsies were taken before the experiment and on d3 and d7 heat stress. Results are 614 
presented as mean with SE. N=8. Different letters indicate significance at P < 0.05. PFK: 615 




Figure 4. Effects of heat stress on (A)Carnitine palmitoyltransferase-1, (B) Acetyl CoA 620 
carboxylase-1, (C) Acetyl CoA carboxylase-2and (D) beta-Hydroxyacyl-CoA 621 
dehydrogenase mRNA expression in the LD muscle of growing pigs. Pigs were exposed 622 
to thermal neutral (TN), pair-fed (PF) or heat stress (HS) conditions for 7 days. LD 623 
biopsies were taken before the experiment and on d3 and d7 heat stress. Results are 624 
presented as mean with SE. N=8. Different letters indicate significance at P < 0.05. CPT-625 
1: carnitine palmitoyltransferase-1; ACC1: acetyl CoA carboxylase-1; ACC2: acetyl CoA 626 




Figure 5. Effects of heat stress on (A) Carnitine palmitoyltransferase-1 , (B) total Acetyl 630 
CoA carboxylase (C) Acetyl CoA carboxylase-1 , (D) Acetyl CoA carboxylase-2and (E) 631 
phospho- acetyl CoA carboxylase protein abundance in the LD muscle of growing pigs. 632 
Pigs were exposed to thermal neutral (TN), pair-fed (PF) or heat stress (HS) conditions 633 
for 7 days. LD biopsies were taken before the experiment and on d3 and d7 heat stress. 634 
Results are presented as mean with SE. N=8. Different letters indicate significance at P < 635 
0.05. CPT-1: carnitine palmitoyltransferase-1; ACC1: acetyl CoA carboxylase-1; ACC2: 636 
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Sequence (5’to 3’) Amplicon size 
(bp) 
CPT-1 F: AGGCCTCATCAAGAAGTGCC 183 
R: TGAACGAAGGCTGTGGACTC  
ACC1 F: CTGGAGGTGTATGTGCGAAG 177 
 R: GTGGTTGAGGTTGGAGGAGA  
ACC2 F: TCATCCGCGTCATCATCAGG 127 
 R: GTGTTGTTGAACGCCACCTC  






































Metabolic parameters  Treatment
e
  P Value 
 Day TN PF HS SEM Treatment Day Interaction 
Glucose, mg/dL D-2 123.6 114.1 115.5 6.06 0.56 0.09 0.37 
 D3   96.5 108.8   98.9     
 D7   85.3 102.6   92.1     
Insulin, µg/L D-2   0.091     0.048   0.069 0.02 0.33 0.62 0.54 
 D3   0.060     0.052   0.038     
D7   0.028     0.031   0.069     
G:Ib (x107) D-2   2.27     5.67   4.06 2.10 0.42 0.68 0.74 
 D3   3.84     4.45   6.81     
 D7   4.38     6.73   2.62     
Total protein, g/dL D0   6.00     5.88   5.76 0.12 0.28 0.03 0.82 
 D3   6.11     6.22   5.95     
D7   6.39     6.18   6.34     
Albumin, g/dL D-2   3.23     3.16   3.08 0.08 0.25 0.34 0.89 
 D3   3.46     3.58   3.40     
D7   3.19     3.55   3.57     
Globulin, g/dL D-2   2.77     2.73   2.70 0.10 0.98 0.09 0.61 
 D3   2.50     2.62   2.56     
D7   2.61     2.62   2.52     
ASTc, U/L D-2 39.00   29.25 37.87 3.18 0.01 0.02 0.04 
 D3 28.50   21.50 45.13       
D7 30.56   22.61 32.13     
GGTd, U/L D-2 25.13   23.38 26.00  2.11    <0.01 0.09 0.86 
 D3 22.78   25.25 24.63            
D7 24.53   28.58 24.41     
         
